The TAL1 (or SCL) gene, originally identified from its involvement by a recurrent chromosomal translocation, encodes a basic helix-loop-helix transcription factor essential for erythropoiesis. Although presumed to regulate transcription, its target genes are largely unknown. We show here that a nuclear complex containing TAL1, its DNA-binding partner E47, zinc finger transcription factor GATA-1, LIM domain protein LMO2, and LIM domain-binding protein Ldb1 transactivates the protein 4.
Red blood cell production is controlled by the concerted actions of signal transducers and nuclear regulators. Genetargeting studies have demonstrated a requirement for several nuclear proteins in erythropoiesis, including the TAL1 (or SCL) and GATA-1 transcription factors and the LIM domain protein LMO2. These proteins, singly and in combination, bind to specific promoter and enhancer elements to regulate the expression of genes that execute the differentiation program.
Two of these transcriptional regulators, TAL1 and LMO2, were initially identified from their involvement by chromosomal rearrangements in T-cell acute lymphoblastic leukemia. Both are essential for embryonic erythropoiesis, with embryos bearing targeted mutations of either gene failing to progress beyond midgestation and lacking all hematopoietic cells (46, 49, 59) . In addition, cells nullizygous for Tal1 or Lmo2 were not represented in any hematopoietic lineage in chimeric mice derived from mixtures of wild-type and knockout embryonic stem cells (41, 45, 61) . Besides its actions in hematopoietic stem cells, TAL1 promotes the terminal differentiation of erythroid progenitors (4, 14) and was recently shown to have an essential function in postnatal erythropoiesis (17, 30, 47) . TAL1 belongs to the basic helix-loop-helix (bHLH) family of transcription factors, many of which regulate cell fate deter-mination or differentiation. Like other tissue-restricted members of this group, it binds DNA as a heterodimer with any of several widely expressed bHLH proteins, including E47, E12, and HEB/HTF4, to a specific sequence motif, CANNTG, termed the E box. In addition to its bHLH DNA-binding partners, TAL1 can interact with two LIM domain proteins, LMO2 and LMO1, and the zinc finger transcription factor GATA-1, with LMO2 serving as a bridge between GATA-1 and TAL1/E47 dimers (37) . A role for this TAL1-, LMO2-, and GATA-1-containing complex in embryonic hematopoiesis was suggested by overexpression studies in Xenopus embryos (28) , and the similarity in phenotype of their respective gene knockouts is also compatible with their contribution to a common complex.
As a first step toward identification of its target genes, site selection experiments identified an E box sequence, CAGATG, that is bound preferentially by TAL1-E protein heterodimers (19) . Subsequently, Wadman et al. showed that a multiprotein complex present in murine erythroleukemia (MEL) cell nuclei and composed of TAL1, E47, GATA-1, LMO2, and a LIM domain-binding protein, Ldb1, recognized a different motif with a distinct E box and GATA site separated by 9 to 12 bp from a GATA site (58) . Assembly of the complex on this bipartite element required all five proteins, and their combined expression was necessary for maximal transactivation of a reporter gene linked to two copies of the consensus E box GATA element (58) . In addition, chromatin immunoprecipitation (ChIP) assays revealed TAL1 association with E box GATA elements in vivo and identified a possible target gene containing such an element in its first intron (10) . The E box GATA motif has been noted in the regulatory regions of several other erythroid cell-expressed genes, including those encoding the transcription factors GATA-1 (35, 57) and EKLF (3) . However, evidence is either lacking or against (35) their regulation by TAL1.
We identify the gene for protein 4.2 (P4.2), an important component of the red cell membrane skeleton, as a target of this TAL1-containing protein complex in mouse erythroid progenitors. We found that TAL1, E47, GATA-1, LMO2, and Ldb1 synergistically stimulate P4.2 gene transcription, a complex containing these factors binds two E box GATA elements in the P4.2 promoter, and complexes assembled on these two elements can be linked in solution in a manner dependent on Ldb1. By using the P4.2 promoter to investigate the transcriptional properties and biological functions of this E box GATA DNA-binding complex, we establish that its constituent proteins, and Ldb1 in particular, positively regulate erythroid gene expression and differentiation. Finally, we propose a model in which Ldb1 homodimerization mediates the physical interaction of complexes bound to independent E box GATA elements.
MATERIALS AND METHODS
Plasmid constructs. The pGL2-P4.2p1700-Luc reporter plasmid was described previously (25) . Plasmids pEFIRES-P and pEFIRES-N were provided by Stephen Hobbs (Institute of Cancer Research, London, United Kingdom), pCMV-E47 was provided by Gregory Kato (Johns Hopkins University, Baltimore, Md.), pcDNA3L-NLI was provided by Gordon Gill (University of California, San Diego), and pXM-GATA-1 was provided by Leonard Zon (Boston Childrens Hospital, Boston, Mass.). pcDNA3.1-Tal1 was described recently (52) , and the analogous pcDNA3.1-E47 was constructed by subcloning an XbaI fragment containing E47 coding sequence from pCMV-E47 into the XbaI site of vector pcDNA3.1. Plasmid pcDNA3.1-GATA-1 was made by similarly transferring an XhoI fragment containing the GATA-1 coding sequence from pXM-GATA-1 into the XhoI site of pcDNA3.1. A full-length LMO2 cDNA was amplified by PCR and cloned into the unique EcoRI site of vector pEFIRES-N (18) to generate pEFIRES-LMO2. cDNAs encoding full-length Ldb1 and an N-terminal truncation mutant form, Ldb1 200-375 , were generated by PCR with plasmid pcDNA3L-NLI serving as the template and subcloned into the EcoRI and XbaI sites of vector pEFIRES-P (18) . The retroviral vector MSCV (murine stem cell virus)-IRES-GFP (green fluorescent protein)-TAL1 was described previously (21) .
Site-specific mutagenesis was carried out with the GeneEditor in vitro sitedirected mutagenesis system under conditions recommended by the manufacturer (Promega, Madison, Wis.). Mutations were made in the pGL2-P4.2p1700-Luc reporter in the E1 E box (CATCTG to GATCTT), the E2 E box (CATGTG to GATGTT), and the G1 and G2 GATA sites (GATA to GCTC). A P4.2 promoter-reporter construct with mutations in both E box and GATA sites (E1G1-E2G2 mutant) was generated by sequential mutation of the E1, E2, G1, and G2 sites. A DNA binding-defective Tal1 mutant was generated by substitution of Pro for Thr 192 in the protein's basic region. The sequences of all DNA constructs were confirmed by nucleotide sequencing, and their ability to direct the expression of proteins of the predicted size was verified by Western blot analysis.
Cell culture and transient transfections. MEL cells (F4-12B2 line) were cultured and transfected with DMRIE-C reagent (Life Technologies, Rockville, Md.) as described previously (21) . Briefly, 1 g of the pGL2-P4.2p1700-Luc reporter or different mutant reporters, 100 ng of a Renilla luciferase vector (used as a transfection control), and 3 g of plasmid pCMV4 (used as filler DNA) were cotransfected into MEL cells grown in six-well plates. COS-7L cells (Life Technologies, Rockville, Md.) cultured in Dulbecco's modified Eagle medium containing 10% fetal bovine serum and 0.1 mM nonessential amino acids were transfected with Lipofectamine 2000 as recommended by the manufacturer (Invitrogen, Carlsbad, Calif.). In brief, 1.5 g of the pGL2-P4.2p1700-Luc reporter or the E1G1-E2G2 mutant reporter was cotransfected with the indicated com-binations of pcDNA3.1-TAL1 (50 ng), pcDNA3.1-E47 (1.5 ng), pcDNA3.1-GATA-1 (12.5 ng), pEFIRES-LMO2 (40 ng), pEFIRES-Ldb1 or pEFIRES-Ldb1 200-375 (40 ng), and Renilla luciferase vector (5 ng) into COS-7L cells grown in poly-D-lysine treated 12-well plates (Becton Dickinson, Bedford, Mass.). All extracts were prepared 48 h after transfection, and luciferase activities were measured with the Dual-Luciferase Reporter Assay System (Promega, Madison, Wis.), with the reporter activities normalized to Renilla luciferase activity. Each transfection was done in triplicate and repeated three or more times.
For studies of in vivo assembly of the ternary complex, expression vectors described above for TAL1 (5 g), E47 (0.15 g), GATA-1 (1.25 g), LMO2 (4 g), and Ldb1 or Ldb1 200-375 (4 g) were cotransfected into COS-7L cells cultured in 10-cm-diameter dishes. The total mass of DNA applied was adjusted to 15 g with plasmid pCMV4. Nuclear extracts were prepared 48 h after transfection and analyzed as described.
Preparation of stably transduced cells. Infectious retrovirus was produced by Lipofectamine-mediated transfection of NX-Ampho cells and frozen in aliquots at Ϫ70°C. Retroviral infection of MEL cells was carried out as described previously (21) . GFP-expressing transductants were isolated by fluorescenceactivated cell sorting and then expanded in culture. Full-length Ldb1 and Ldb1 200-375 cDNAs were introduced into MEL cells in the expression plasmid pEFIRES-P with DMRIE-C as described above. Cells were selected in culture medium containing 2 g of puromycin per ml, beginning 48 h after transfection. The concentration of puromycin was increased to 10 g/ml 5 days later and maintained.
EMSA. Preparation of nuclear extracts and electrophoretic mobility shift analysis (EMSA) of DNA-binding activity were carried out as previously described (21) . In brief, 5 g of MEL cell nuclear extract was incubated with 2 nM 32 P-labeled double-stranded oligonucleotide for 25 min at room temperature. Where indicated, 1 l of the relevant antibody was also added. Rabbit polyclonal antibodies against Tal1 (24) and Ldb1 (58) have been described previously. In addition, antibodies to E47 (sc-763X), GATA-1 (sc-265X), and LMO2 (sc-10498X) and normal rabbit immunoglobulin G (IgG; sc-2027) were purchased from Santa Cruz Biotechnology (Santa Cruz, Calif.). Protein-DNA complexes were electrophoresed in 4% native polyacrylamide gels in Tris-glycine buffer at 60 V for 12 to 15 h at 4°C. After the gels were dried, DNA-protein complexes were visualized by autoradiography. For clarity, only the relevant portions of these autoradiograms are shown in the figures. The sense strands of the oligonucleotides used in the EMSA are as follows (the E box and GATA sites are underlined, and mutant nucleotides are in lowercase): wild-type E1G1, ATTTC CTTATCTCGTTCAAACAGATGGTTTCCT; E1 mutant, ATTTCCTTATCT CGTTCAAAaAGATcGTTTCCT; G1 mutant, ATTTCCTgAgCTCGTTCAAA CAGATGGTTTCCT; E1G1 double mutant, ATTTCCTgAgCTCGTTCAAAa AGATcGTTTCCT; wild-type E2G2, CTCCCAGCAGCTGGCCTAGGAGAT AGCAGCAG; E2 mutant, CTCCCAGgAGCTtGCCTAGGAGATAGCAG CAG; G2 mutant, CTCCCAGCAGCTGGCCTAGGAGcTcGCAGCAG; E2G2 double mutant, CTCCCAGgAGCTtGCCTAGGAGcTcGCAGCAG.
DNA-linking assay. Five micrograms of nuclear extract was incubated with 2 nM 32 P-labeled double-stranded E2G2 oligonucleotide at room temperature for 5 min, 5Ј-biotinylated double-stranded E1G1 oligonucleotide was added at a concentration of 4 nM, and the reaction was allowed to continue for an additional 15 min. Where noted, 2 g of antibiotin antibody and protein A (Sigma) or 2.5 U of streptavidin-conjugated ␤-galactosidase (Roche) was added subsequently and the mixture was incubated for 10 min. Protein-DNA complexes were resolved and visualized as described above for a standard EMSA.
Western blot analysis. Western blot analysis was performed as previously described (21) , and the antibodies used are detailed above.
ChIP analysis. ChIP analysis was carried out with a commercial kit (Upstate Biotechnology) with some modifications to the manufacturer's recommended conditions. Briefly, 1% formaldehyde was added at 37°C for 20 min to 1.0 ϫ 10 8 MEL cells cultured for 3 days with or without 1.5% dimethyl sulfoxide (DMSO). Cell pellets were incubated in 10 mM HEPES (pH 7.9)-1.5 mM MgCl 2 -10 mM KCl-0.5 mM dithiothreitol-protease inhibitors for 10 min on ice and homogenized. The resulting nuclear pellet was suspended in 1 ml of sodium dodecyl sulfate lysis buffer, incubated for 10 min on ice, and sonicated sufficiently to shear the DNA to an average size of 500 to 1,000 bp. Following sonication chromatin was diluted 10-fold with ChIP dilution buffer and precleared with 80 l of protein A-agarose. Precleared chromatin from 1.0 ϫ 10 7 cells was then incubated with the indicated antibodies with rotation at 4°C overnight. The remaining procedures leading to purified DNA were performed in accordance with the manufacturer's protocol. Purified DNA was resuspended in 20 l of H 2 O and analyzed by PCR. DNA for the input control was diluted 1:100 before PCR. Reactions were carried out in a volume of 25 l, with initial denaturation at 94°C for 5 min, followed by 29, 31, or 33 cycles of denaturation at 94°C for 30 s, annealing at 54°C 7586 XU ET AL. MOL. CELL. BIOL. for 1 min, and extension at 72°C for 40 s, followed by a 5-min terminal extension at 72°C. For amplification of 3Ј untranslated sequences, 31 cycles were used. PCR products were resolved on 1.5% agarose gels containing ethidium bromide. The sequences of the primers used in these reaction mixtures were GCCCCAA ACAATTCTAA and CCCCTTACTCCTCCTGTGA for the proximal promoter and TCCCAAACAACCCTCAACCG and CCTGGACCAACAGCACTACAT AGAG for the 3Ј untranslated region (UTR). Northern blot analysis. Northern blot analysis was performed as previously described (21) . A 1.2-kb murine ␤-globin cDNA fragment, a 1.4-kb murine glyceraldehyde phosphate dehydrogenase cDNA, a 2.2-kb murine P4.2 cDNA, and a 1.1-kb murine Ldb1 cDNA were radiolabeled with 32 P by random primer extension (Life Technologies). Purified total cellular RNA (20 g) was fractionated in formaldehyde-agarose gels and transferred by capillary action to a nylon membrane. The blotted membranes were hybridized and washed as previously described (21) .
Autoradiographic analysis. Band intensities on photographic film were quantitated with the National Institutes of Health Image software package (version 1.5).
RESULTS

Identification and characterization of a P4.2 promoter
DNA-binding complex. Site selection (58) and chromatin immunoprecipitation (10) analyses identified a bipartite E box GATA element as the preferred binding site for a TAL1-and GATA-1-containing complex. As a sequence motif of this length should occur only infrequently by chance, a candidate gene approach was taken to define TAL1-regulated genes. From inspection of the regulatory sequences of erythroid cellexpressed genes, one potential target, the murine P4.2 gene, was selected for closer examination. We noted, first, that two E box GATA elements were present in the murine P4.2 promoter at bases Ϫ318 to Ϫ336 and Ϫ25 to Ϫ42 (25), numbered from the major transcriptional initiation site and designated here E1G1 and E2G2, respectively. The E2G2 site is identical to and the E1G1 site closely resembles the consensus sequence for the bipartite element identified by Wadman et al. (58) . Further, P4.2 expression closely overlaps that of Tal1 at sites of erythropoiesis in embryonic and adult mice (63) . Finally, the region of the P4.2 promoter containing these E box GATA elements was shown to be important in activating transcription of the gene during MEL cell differentiation (25) .
To investigate whether it was a bona fide TAL1 target, we first used EMSA to characterize the composition, specificity, and affinity of protein complexes in MEL cell nuclear extracts for the two E box GATA elements in the P4.2 promoter. As described by Wadman et al. for a consensus E box GATAbinding element (58) , incubation of nuclear extract with 32 Plabeled probes led to the appearance of at least two highly retarded protein-DNA complexes ( Fig. 1A and B ), although the more retarded complex was evident with the E2G2 probe only after long autoradiographic exposures ( Fig. 1C ; see Fig.  2A ). The overall abundance of these DNA-binding complexes was significantly higher for the E1G1 element than for the E2G2 element (compare Fig. 1A and B ), consistent with a greater affinity of the binding complex for the E1G1 E box GATA sequence. Addition of antibodies to Tal1, E47, GATA-1, LMO2, or Ldb1, but not normal rabbit IgG, either eliminated or supershifted both complexes ( Fig. 1A to C), demonstrating a contribution from each of these proteins. For the E1G1 element, neither complex was observed when probes with mutations in either or both E box and GATA sequences were used ( Fig. 1D) , indicating a requirement for both sites in complex formation. In complementary studies, these same retarded complexes were competed by a 50-fold excess of unlabeled oligonucleotide of the wild-type E1G1 sequence or by oligonucleotides containing a mutation in either the E box (E box mutant) or the GATA site (GATA mutant) but not by an oligonucleotide in which both E box and GATA sites were mutated (double mutant). In contrast, another, less retarded DNA-protein complex ( Fig. 1A and E) that was supershifted only by an antibody to GATA-1 was eliminated by unlabeled competitors containing an intact GATA site (wild type and E box mutant) but not by an oligonucleotide in which the E box was intact and the GATA site was mutated (GATA mutant), indicating that it contained GATA-1 alone. Quantitation of the binding activity remaining after addition of increasing concentrations of unlabeled competitor ( Fig. 1F ) indicated that the two ternary complexes had a greater affinity for this E box GATA element than the other, more abundant GATA-binding activity in MEL cell extracts. Together, these data demonstrate that ternary complexes containing TAL1/E47, GATA-1, and LMO2/Ldb1 bind specifically to the two E box GATA elements in the murine P4.2 promoter and that assembly of these complexes requires both DNA-binding motifs.
The TAL1-and Ldb1-1-containing ternary complex can link independent protein-DNA complexes in solution. Given the ability of Ldb1 to homodimerize in vitro (7) and genetic data demonstrating a requirement for dimerization in the mediation of promoter-enhancer interactions by Drosophila Ldb1 (or Chip) (33, 54, 55) , we considered the possibility that the more retarded ternary complex observed in EMSA resulted from interaction of two protein-DNA complexes in solution. To investigate, a novel electrophoretic binding method that we termed a DNA-linking assay was developed. In practice, MEL cell nuclear extract was incubated with a mixture of doublestranded, 32 P-labeled E2G2 oligonucleotide and doublestranded, biotin-labeled E1G1 oligonucleotide. We reasoned that if the E1G1 and E2G2 probes became linked in solution, a retarded complex would form with a mobility similar to that of the upper complex in a standard EMSA but containing both radioactive and biotinylated oligonucleotides. As shown in Fig.  2A , incubation of MEL cell nuclear extract with an empirically determined mixture of radiolabeled E2G2 and biotinylated E1G1 oligonucleotides led to the formation of a single E box GATA-binding complex that was retarded by antibody to biotin (open circle) and supershifted to an even greater extent by inclusion of protein A with the antibody (filled circle). This protein-DNA complex was, in addition, ablated by incubation of extracts with streptavidin conjugated to ␤-galactosidase ( Fig. 2A ) or beads (data not shown). In contrast, the mobility of the lower complex was unaltered by these reagents. From these results we concluded that the upper complex included both biotinylated E1G1 oligonucleotide and radiolabeled E2G2 oligonucleotide (E1G1-E2G2 complex), while the less retarded of the two E box GATA-binding complexes contained only radiolabeled E2G2 probe. The absence of any radiolabeled E2G2-E2G2 complex after addition of E1G1 oligonucleotide, seen experimentally as the complete supershifting of the upper complex, was due, we surmise, to the formation of E1G1-E2G2 complexes being favored over E2G2-E2G2 complexes. Importantly, if biotinylated E1G1 oligonucleotide were not included in the probe mixture, the mobility of the upper VOL. 23, 2003 Ldb1 IN ERYTHROID GENE EXPRESSION AND DIFFERENTIATION 7587
FIG. 1. Characterization of TAL1-containing ternary complexes binding to two E box GATA elements in the murine P4.2 promoter. These elements were designated, from 5Ј to 3Ј, E1G1 and E2G2. 32 P-labeled E1G1 (A) and E2G2 (B, C) probes were incubated with 5 g of nuclear extract from undifferentiated MEL cells. As indicated, antibodies to Tal1, GATA-1, Ldb1, LMO2, E47, or normal rabbit IgG were used in supershift analysis. Ternary complexes are marked with arrowheads. (D) Five micrograms of MEL cell nuclear extract was incubated with the radiolabeled wild-type probe or the indicated mutant E1G1 probe (labeled probe). Radiolabeled wild-type E1G1 probe was also mixed with a 50or 100-fold molar excess of the unlabeled wild-type or mutant oligonucleotide (cold P-labeled double-stranded E2G2 oligonucleotide at room temperature for 5 min. Biotin end-labeled E1G1 oligonucleotide (4 nM) was then added, and the mixture was incubated for 15 min. Finally, an antibody to biotin, singly or with protein A, or streptavidin-conjugated ␤-galactosidase was added and the mixture was incubated for an additional 10 min. A retarded protein-DNA complex supershifted by the biotin antibody (open circle) and supershifted further by infusion of protein A with the biotin antibody (filled circle) and abolished by streptavidin-conjugated ␤-galactosidase is predicted to contain radiolabeled and biotin-labeled oligonucleotides that became bridged in solution. (B) Results of DNA-linking assay carried out with 5 g of nuclear extract from COS-7L cells transfected with expression vectors for Tal1, E47, GATA-1, LMO2, and either wild-type Ldb1 or the Ldb1 200-375 truncation mutant. A retarded protein-DNA complex supershifted by antibodies to two of its constituent proteins (open circle), GATA-1 and Ldb1, and to biotin (filled circles) is predicted to contain radiolabeled and biotin-labeled oligonucleotides that became bridged in solution.
complex was unaffected by addition of either streptavidin-␤galactosidase ( Fig. 2A ) or biotin antibody (data not shown), demonstrating the specificity of these results. Together, these data show that a multiprotein DNA-binding complex in MEL cell extracts is capable of interacting with individual E box GATA elements in the P4.2 promoter and linking them physically in solution. As the two E box GATA DNA-binding complexes detected in a standard EMSA increased in parallel with DMSO-induced differentiation (see below), at least at early times, an equilibrium between these structures may exist in cells.
To determine if the five proteins present in the complex were sufficient to bridge independent E box GATA elements in solution, we transiently transfected COS-7L cells with expression vectors for Tal1, E47, GATA-1, LMO2, and Ldb1 and prepared nuclear extracts for the DNA-linking assay as described. As observed previously for a consensus E box GATAbinding element (58), a retarded complex could not be detected unless all of the proteins were present (Fig. 2B ). While at least two E box GATA-binding complexes were detected with MEL cell extracts, extracts from COS-7L cell transfectants gave rise to a single DNA-protein complex with intermediate mobility (single arrowhead, Fig. 2B ). Nonetheless, this retarded complex was supershifted by antibodies to its compo-nent proteins, GATA-1 and Ldb1, for example (open circles, Fig. 2B ), or by antibody to biotin (filled circles, Fig. 2B ), confirming that it contained both radiolabeled and biotinylated probes. A complex containing E1G1 and E2G2 probes failed to form, however, when a dimerization-defective truncation mutant form of Ldb1 was expressed in place of the full-length protein (Fig. 2B) , and this dimerization-defective form of Ldb1 also significantly decreased E box GATA DNA-binding activity when stably expressed in MEL cells (see below). These data thus account for the presence of two E box GATA DNAbinding complexes with apparently identical protein compositions but different electrophoretic mobilities in EMSA ( Fig. 1 ) (58) and are compatible with the notion of Ldb1 dimerization acting to link or loop DNA.
E box GATA DNA-binding activity increases with DMSOinduced MEL cell differentiation. Expression of the mouse P4.2 gene is tightly regulated during erythroid differentiation (25) (see below). To investigate the relationship between activation of P4.2 transcription and E box GATA DNA-binding activity, an EMSA was carried out with the E1G1 oligonucleotide in MEL cells induced to differentiate by DMSO. DNAbinding activity was present in extracts from uninduced MEL cells, increased in the first 2 days after addition of DMSO, but ultimately declined with terminal differentiation (Fig. 3A) . While E box GATA DNA-binding activity was detectable even before the gene was expressed, it increased in parallel with accumulation of P4.2 mRNA. To examine whether specific components of the ternary complex might be limiting for its assembly, Tal1 and Ldb1 protein levels were determined in differentiating MEL cells by immunoblot analysis. Although Ldb1 mRNA was reported to decrease with differentiation of murine erythroid cell lines (56) , expression of Ldb1, like that of the transcription factor Sp1, was maintained in DMSO-treated MEL cells ( Fig. 3B) The E box GATA-binding complex occupies the P4.2 promoter in cells. The above-described studies show only the potential for the TAL1-containing complex to bind E box GATA elements in the P4.2 promoter. To verify that the P4.2 promoter was actually occupied by the ternary complex in cells, ChIP analysis was carried out. To that end, MEL cells were cultured for 3 days in the presence or absence of 1.5% DMSO and treated with 1% formaldehyde to cross-link DNA and associated proteins. Their chromatin was then sonicated and the resulting fragments were subjected to immunoprecipitation with specific antibodies. After reversal of cross-links, DNA was extracted from the immunoprecipitated material and a PCR was performed with primers encompassing the two E box GATA motifs in the P4.2 promoter or a region 17 kb downstream of the P4.2 coding region (arrowheads). As demonstrated in Fig. 4 , antibodies to Tal1, GATA-1, and Ldb1, but not buffer or normal rabbit immunoglobulin (data not shown), selected P4.2 promoter fragments from both uninduced and induced MEL cells. In contrast, chromatin derived from the gene's 3Ј UTR was not immunoprecipitated by any antibody, indicating that only the promoter was occupied by the ternary complex in vivo. Since P4.2 is not expressed in uninduced MEL cells, at least at the sensitivity of Northern blot analysis, these data suggest that the ternary complex is assembled before the gene is transcribed and that its presence, while necessary, is not sufficient for transcription to proceed. This raises the possibility that additional factors are recruited to the promoter with differentiation, conceivably by the complex itself, or that constituents of the complex undergo posttranslational modification (see Discussion).
The TAL1-and GATA-1-containing complex transactivates the P4.2 promoter. Having established that the multiprotein complex bound the P4.2 promoter in vitro and in vivo, we investigated whether it regulated the gene's transcription. To that end, a 1.7-kb fragment of the mouse P4.2 promoter linked to a luciferase reporter gene was cotransfected into COS-7L cells with expression plasmids for Tal1, E47, GATA-1, LMO2, and Ldb1. As shown in Fig. 5A , reporter activity was stimulated five-fold by GATA-1 or Tal1 plus E47, while LMO2 and Ldb1, singly or in combination, were without effect. When FIG. 4 . ChIP analysis of TAL1, GATA-1, and Ldb1 occupancy of the P4.2 promoter in cells. MEL cells were incubated with or without 1.5% DMSO for 3 days, and nuclear proteins were cross-linked to DNA by addition of formaldehyde to the culture. Chromatin fragments generated by sonication were immunoprecipitated with antibodies to Tal1, GATA-1, or Ldb1 or with normal rabbit IgG (data not shown) and then used for amplification of the indicated regions in the promoter encompassing the two E box GATA elements (top) or the gene's 3Ј UTR (bottom). Ethidium bromide staining of the PCR product was carried out following 29, 31, and 33 cycles of amplification (left to right). Arrowheads denote the locations of the primers used in the PCR.
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Ldb1 Plotted is the mean induction in luciferase activity Ϯ the standard error from three independent experiments. (B) Transactivation by the indicated expression vectors of the wild-type promoter and a 1.7-kb promoter construct with mutations in both E box and GATA sites (E1G1-E2G2) were compared by using the same conditions as for panel A. (C) Reporter constructs containing the wild-type P4.2 promoter reporter or the indicated promoter mutants were transfected into MEL cells that had been incubated with 1.5% DMSO for 24 h. Following transfection, cells were cultured in DMSO for an additional 48 h, cellular lysates were prepared, and luciferase activities were determined.
GATA-1 was coexpressed with Tal1 and E47, reporter activity increased 10-fold, for an approximately additive effect on reporter gene expression. Addition of LMO2 to Tal1, E47, and GATA-1 resulted in a 26-fold increase in reporter activity, likely reflecting LMO2-promoted stabilization of the bHLH heterodimer-and GATA-1-containing complexes. Maximal promoter activation, or a 42-fold induction of reporter activity, was achieved with cotransfection of all five members of the ternary complex. Importantly, Ldb1 did not enhance Tal1-, E47-, and GATA-1-stimulated transcription in the absence of cotransfected LMO2, supporting the notion that Ldb1's actions, and presumably its recruitment into the complex, require its interaction with the LIM domain of LMO2. Additionally, transfection of the dimerization-defective mutant form Ldb1 200-375 (mutLdb1 in Fig. 5A ) in place of full-length Ldb1 reduced reporter activity to a level below that observed with Tal1, E47, GATA-1, and LMO2. As Ldb1 is expressed in COS-7L cells (see Fig. 8B ) and Ldb1 200-375 retains the full capacity to interact with LIM domain proteins (22) , this mutant form likely interfered with endogenously expressed Ldb1 (see below). Together, these results establish that TAL1, E47, GATA-1, LMO2, and Ldb1 act synergistically to promote P4.2 gene transcription.
To investigate the requirement of specific DNA-binding sequences for the ternary complex's activity, we made mutations in the two E box GATA elements in the context of the full 1.7-kb promoter fragment. As shown in Fig. 5B , this compound mutant (E1G1-E2G2) was almost totally impaired in the ability to be transactivated by Tal1, E47, and GATA-1, with or without expression of LMO2 and Ldb1.
Finally, to examine in a more relevant cellular environment whether the E box GATA elements were required for P4.2 promoter activity, promoter-luciferase reporter constructs containing individual or compound site mutations were transiently transfected into MEL cells, which were then cultured for 2 additional days in the presence or absence of 1.5% DMSO. Confirming the previous report (25), 1.7 kb of proximal promoter conferred high-level, differentiation-dependent reporter activity in DMSO-treated cells, with little to no activity detected in cells cultured without DMSO (data not shown). Compared to the wild-type construct, mutation of either E box (E1 or E2) decreased promoter activity approximately 75%, while mutation of the G1 or G2 GATA site reduced activity 90 or 95%, respectively (Fig. 5C ). In accord with the data obtained with COS-7L cells, reporter activity was essentially abolished by mutation of all E box and GATA sites. In sum, these data show that the inducibility of the P4.2 promoter by the TAL1containing ternary complex is dependent on the integrity of both E box GATA elements. Further, the greater-than-additive contribution made by individual elements to promoter activity (Fig. 5C ) and the supra-additive stimulation of reporter activity with expression of individual activators (Fig. 5A ) provide evidence for transcriptional synergy.
TAL1 DNA-binding activity is required for P4.2 gene expression. Although dispensable for its actions in hematopoietic stem cell development (40) , DNA binding is required for TAL1 function in erythroid differentiation (4, 40) . Given the requirement for the E box sequences in both formation of the E box GATA-binding complex and transactivation of the 1.7-kb P4.2 promoter-reporter construct, we hypothesized that TAL1 DNA-binding activity would be important for P4.2 gene expression in cells. To investigate, cDNAs encoding full-length Tal1 or a mutant protein, Tal1 T192P , containing a proline substitution in its basic region and established previously as a potent trans-dominant inhibitor of wild-type TAL1 DNA binding (S. Huang and S. J. Brandt, unpublished data), were introduced into MEL cells with the MSCV-IRES-GFP retroviral vector (38) . Polyclonal populations of cells transduced with these cDNAs or the parental vector were selected by fluorescence-activated cell sorting, and GFP-expressing cells were cultured for 5 days in the presence or absence of 1.5% DMSO. Nuclear extracts and total cellular RNA were then prepared, and DNA-binding activity and endogenous P4.2 gene expression were examined. When normalized to an anonymous complex whose abundance did not differ between conditions, enforced expression of wild-type Tal1 increased the two E box GATA DNA-binding complexes 33 and 74% relative to that of the vector control, while the dominant negative Tal1 mutant decreased these complexes by 64 and 56% (Fig. 6A) . In association, steady-state P4.2 mRNA levels increased slightly in Tal1-overexpressing cells while being reduced almost 70% in cells transduced with the binding-defective mutant (Fig. 6B) .
These data indicate that DNA binding is required for TAL1 regulation of P4.2 gene expression. Overexpression of Ldb1 inhibits E box GATA DNA-binding activity and P4.2 promoter function. Enforced expression of Ldb1 and Lmo2 was shown previously to inhibit the differentiation of erythroid cell lines (56) , implying a negative role for these proteins in terminal differentiation. For Chip, however, enforced expression of wild-type protein or a dimerizationdefective mutant form analogous to the one used in our studies phenocopied a loss-of-function allele (15, 31, 54) . This raised the possibility of Ldb1 acting physiologically to promote erythroid differentiation. To investigate the effect of overexpressed Ldb1 on E box GATA DNA-binding activity, both the dimerization-defective mutant, Ldb1 200-375 , and wild-type Ldb1 were transfected into COS-7L cells together with cDNAs for the other components of the binding complex. As described above, only a single DNA-binding complex with a mobility intermediate between those observed with MEL cell nuclear extract was apparent in an EMSA. Although LMO2 and Ldb1 were clearly necessary for this retarded complex to form (compare lanes 1 and 2, Fig. 7A ), both Ldb1 and the dominant negative mutant form inhibited complex formation in a doserelated fashion when overexpressed (Fig. 7A) . The effect of Ldb1 200-375 on E box GATA DNA-binding activity was also investigated with extracts from transfected COS-7L cells. Transfection of an Ldb1 200-375 cDNA inhibited formation of this complex while enhancing that of a less retarded complex (filled circle, Fig. 7B ), which, from supershift analysis, comprised only TAL1/E47 heterodimers. Significantly, no DNAbinding complex was recognized that appeared to incorporate the truncated Ldb1 protein. Further, preincubation of MEL cell nuclear extracts with Ldb1 or Ldb1 200-375 prepared in COS-7L cells inhibited the formation of both of the retarded complexes (Fig. 7C) . Finally, overexpression of Ldb1 or Ldb1 200-375 in MEL cells effected a dose-related inhibition of DMSO-induced P4.2 promoter activity (Fig. 7D ). Together, these results show that overexpression of Ldb1 inhibits E box GATA DNA binding and, as a consequence, P4.2 promoter function.
Overexpression of Ldb1 inhibits P4.2 gene expression and erythroid differentiation. To investigate the effects of enforced expression of Ldb1 and Ldb1 200-375 on endogenous P4.2 gene expression, a plasmid vector containing the strong EF1␣ promoter (18) was used to introduce their respective cDNAs into MEL cells. Polyclonal populations of transduced cells were then incubated with or without 1.5% DMSO for 5 days, and benzidine staining for hemoglobin expression, Northern blot analysis of P4.2 and ␤-globin expression, and EMSA of E box GATA DNA-binding activity were carried out. To maximize expression of Ldb1 protein, which was encoded with a drug resistance gene from a bicistronic transcript, high concentrations of the selecting agent, puromycin, were used (18) . Despite an abundance of message (Fig. 8A) , however, the transfected proteins were expressed at very low levels in independently prepared populations (Fig. 8B) . While use of polyclonal populations could have led to underrepresentation of high expressers, more likely these cells were unable to tolerate increased levels of . Nevertheless, both the proportion of benzidine-stained cells and the extent of morphological differentiation were significantly reduced in wild-type Ldb1 and to an even greater extent in Ldb1 200-375 transductants (data not shown). Overexpression of these Ldb1 proteins also dramatically reduced steady-state levels of P4.2 and ␤-globin mRNAs in DMSO-induced cells (Fig. 8A) . Finally, in accord with the in vitro results described above, stable expression of wild-type Ldb1 and the Ldb1 200-375 mutant form decreased endogenous E box GATA DNA-binding activities (Fig. 8C ). Thus, analogous to the effects of Chip on wing development (15, 31, 44, 54) , overexpression of Ldb1 phenocopied a loss-of-function mutation.
DISCUSSION
The importance of the bHLH transcription factor TAL1 has been clearly established for primitive and definitive erythropoiesis. The identities of the genes under its control and the specific mechanisms by which it regulates transcription, however, remain largely unknown. We establish here that the murine P4.2 gene is a target of a multiprotein complex in erythroid progenitors containing TAL1, GATA-1, LMO2, and and 5 g of MEL cell nuclear extract that had been preincubated with 5 g of nuclear extract from COS-7L cells transfected with an expression vector for Ldb1 or Ldb1 . Ternary complexes are marked with arrowheads. (D) A luciferase reporter construct (0.25 g) containing 1.7 kb of P4.2 promoter was cotransfected with the indicated amounts of expression plasmids into MEL cells that had been incubated with 1.5% DMSO for 24 h. Following transfection, cells were cultured in DMSO for an additional 48 h, cellular lysates were prepared, and luciferase activities were determined. Plotted is luciferase activity relative to the reporter control Ϯ the standard error from three independent experiments. VOL. 23, 2003 Ldb1 IN ERYTHROID GENE EXPRESSION AND DIFFERENTIATION 7595 Ldb1 . Our studies show that this complex synergistically activates P4.2 transcription and positively regulates erythroid gene expression and differentiation. A major limitation to the analysis of TAL1's transcriptional properties has been an incomplete knowledge of its target genes. While site selection assays have defined a bipartite E box GATA element as the preferred binding site for a TAL1and GATA-1-containing ternary complex in erythroid cells (58) and a gene containing this motif was found to be occupied by TAL1 in cells (10), TAL1 DNA binding was dispensable for transactivation of the c-kit promoter by a TAL1-, E47-, LMO2-, GATA-1/2-, and Ldb1-containing complex (26) and a cryptic promoter in the retinaldehyde dehydrogenase 2 gene by a TAL1-, LMO1-, and GATA-3-containing complex (36) . In contrast, we found that two E box GATA elements in the P4.2 promoter bound the pentameric complex in vitro, were occupied by at least three members of the complex in vivo, and were required for synergistic transactivation of the promoter in transfected cells. Furthermore, E box GATA DNA-binding activity increased with DMSO-induced differentiation of MEL cells, paralleling P4.2 gene expression. Finally, overexpression of a full-length Tal1 cDNA enhanced endogenous P4.2 expression in differentiating MEL cells, while a DNA binding-defective mutant significantly inhibited its expression. Together, these studies provide compelling evidence for the P4.2 gene as a direct target of TAL1 in differentiating erythroid progenitors.
P4.2 is present in a complex with band 3 and ankyrin that is essential for the integrity of the red blood cell membrane (9) . Humans with inherited mutations in this gene and mice homozygous for a targeted mutation of the locus exhibit defective erythrocyte ion transport and spherocytic anemia (11, 16, 39) . P4.2 is an abundant protein, with an estimated 200,000 copies per red cell (6) , and this requirement for high-level expression may explain its regulation by multiple transcription factors. The strict order of the two binding sites in the E box GATA element (58) , the greater stability of the pentameric protein complex compared to the major GATA-binding activity in the cell (Fig. 1) , and the ability of its component proteins to synergistically stimulate transcription are all consistent with this nuclear complex acting as an enhanceosome (8) . The presence of Ldb1, with its apparent ability to alter higher-order DNA structure, is particularly reminiscent of the contribution of high-molecular-weight group proteins to enhanceosome function (13, 62) . Similar to the T-cell receptor ␣ enhanceosome (50) , this E box GATA-binding complex appears to assemble on the P4.2 promoter prior to initiation of transcription. As the complex is necessary but not sufficient for P4.2 transcription, additional proteins are likely recruited to a specific activation surface formed with its assembly. These could include histone acetyltransferases p300 (29) and P/CAF (1), which we showed interact with TAL1 in differentiating MEL cells (20, 21) , ATPdependent chromatin remodeling proteins, or components of the basal transcriptional machinery. Identification of the P4.2 promoter as a target of a multimeric TAL1-containing complex led us to investigate the actions of its other constituent proteins, and Ldb1 in particular. First isolated as a LIM domain-interacting protein (2, 5, 23), Ldb1, also known as NLI and CLIM-2, binds all nuclear LIM proteins, including LIM homeodomain (33, 54) and LIM-only (LMO) (32, 51) proteins, and several homeodomain transcription factors lacking a LIM domain (53) . Although not capable itself of binding DNA, Ldb1 potentiates the activity of a number of sequence-specific DNA-binding proteins (5, 7, 53) , most notably the LIM homeobox protein Apterous (54) . A selfdimerization domain at its amino terminus and a carboxyterminal LIM-interacting domain (7, 22) are essential for protein function (55) , and a requirement for homodimerization exists for both its transcriptional (7) and biological (54, 55) actions. Ldb1 homodimers have been proposed to mediate physical interaction, sometimes over a very long distance, between promoters and enhancers (12, 33, 34) .
Ldb1 was found by Rabbitts and colleagues to contribute to a TAL1-and GATA-1-containing complex capable of stimulating transcription from a model promoter with multiple copies of its consensus DNA-binding site (58) . In an analogous manner, Chip activates the achaete-scute proneural complex by bridging the GATA transcription factor Pannier to a heterodimer of the HLH proteins Achaete (Ac)/Scute (Sc) and Daughterless (43) . Through the use of a novel modification of the gel mobility shift assay, we have established that Ldb1 can mediate the interaction in solution of two independent protein-DNA complexes, potentially simulating its action in cells in which elements colinear in DNA might be brought into association ( Fig. 9 ). Ldb1-mediated looping of the P4.2 promoter is not established by these data, however, as no technique short of electron or atomic force microscopy (27, 48) is capable of demonstrating looping over the relatively short distance involved, and considerable effort to apply our assay to circular substrates proved unsuccessful. Further, while the functional interaction between the E1G1 and E2G2 sites in the P4.2 promoter (Fig. 5C ) is compatible with their physical interaction, since a specific inhibitor of Ldb1 dimerization is not available and the dimerization-defective Ldb1 mutant form Ldb1 200-375 was apparently not incorporated into the TAL1and GATA-1-containing complex (Fig. 7) , a requirement for Ldb1 dimerization in the transactivation of the P4.2 promoter remains to be proven.
These limitations notwithstanding, the results of our DNAlinking analysis have specific implications for the function of bHLH-GATA-LMO DNA-binding complexes. While one molecule of Ldb1 interacts with a single LIM homeoprotein molecule (22) , some models of its function in the erythroid E box GATA-binding complex have Ldb1 dimerization occurring within rather than between such complexes (42) . Although attempts to define the stoichiometry of this complex in solution by chemical cross-linking proved unsuccessful, likely because it only assembles on DNA, our data are at least compatible with Ldb1 homodimerization mediating looping between two E box GATA elements. For other promoters containing a single such element, Ldb1 might link a promoter-associated E box GATAbinding complex to complexes on distal enhancers containing an LMO protein or other Ldb1-interacting partners. Indeed, Chip has been proposed to link Pannier bound to GATA sites in the dorsocentral enhancer to Ac/Sc-Da heterodimers on the achaete and scute promoters located 4 and 30 kb away, respectively (43) .
Current understanding of the biological functions of Ldb1 comes largely from studies of the Drosophila protein Chip, which promotes embryonic segmentation (33) , neuronal differentiation (55) , and wing morphogenesis (54) . Unexpectedly, given the well-documented actions of TAL1 and GATA-1 in erythropoiesis, Orkin and colleagues suggested that Ldb1 and LMO2 are negative regulators of erythroid differentiation (56). This conclusion was based in large part on the inhibition of erythroid differentiation by overexpressed Ldb1 or LMO2. Although Ldb1 and LMO2 transcripts were noted to decrease in differentiating G1ER cells (56) , the abundance of their protein products and the DNA-binding complexes to which they contribute were not examined. In our studies, in contrast, Ldb1 protein did not decline until late stages of erythroid differen- FIG. 9 . DNA-looping model of Ldb1 action on the P4.2 promoter. GATA-1 binds to the GATA sites in both E box GATA elements of the promoter and initiates DNA bending. Simultaneous or subsequent binding of TAL1/E47 heterodimers to the adjacent E boxes leads to recruitment of the LIM domain protein LMO2 and LIM domainbinding protein Ldb1. A higher-order DNA structure would then be formed through Ldb1 dimerization. This would enhance the stability of the multiprotein complex on DNA, mediate physical interaction of the two E box GATA elements, and, ultimately, promote transcription. Although a molecule of LMO2 is shown simultaneously contacting one TAL1/E47 heterodimer and one molecule of GATA-1, the exact stoichiometry of the proteins in this complex has not been established.
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Ldb1 IN ERYTHROID GENE EXPRESSION AND DIFFERENTIATION 7597 tiation and P4.2 promoter E box GATA DNA-binding activity actually increased with MEL cell differentiation. Although it can act as a repressor (22), we believe that a more likely explanation for the inhibition of erythroid differentiation by overexpressed wild-type Ldb1, which was confirmed with an expression vector very similar to that of Visvader et al. (56) , is titration of LMO2, for which Ldb1 has significant affinity in solution (22) . Whatever the mechanism, overexpression of wild-type Ldb1 and Ldb1 200-375 effected similar reductions in E box GATA DNA-binding activity (Fig. 7) , P4.2 promoter activity (Fig. 7) , and endogenous P4.2 gene expression ( Fig. 8) .
Overexpression of wild-type Ldb1 thus mimicked the actions of a bona fide loss-of-function mutant, similar to what was described for Chip in the developing wing (15, 31, 44, 54) . It may not be necessary, then, to have different, indeed opposing, functions for this Ldb1-containing complex at different stages of erythroid differentiation, and we propose that Ldb1 acts physiologically to stimulate the expression of genes that are required for or, like P4.2, are associated with terminal differentiation.
Although not examined directly, this model could also explain how LMO2 might promote differentiation at physiological levels and yet inhibit the process when overexpressed. In fact, enforced expression of the Drosophila LMO protein dLMO is thought to inhibit Apterous function through competition for limiting amounts of Chip (31, 32, 60) , and a similar mechanism has been suggested for the effects of overexpressed LMO proteins on wing development and T-cell leukemogenesis (32) . Cells contain low levels of Ldb1 and appear not to tolerate its overexpression, implying that it is regulated over a narrow range of concentrations, if at all, and underscoring the importance of proper stoichiometry for productive proteinprotein interactions and, ultimately, biological activity.
